[1] The stomatal conductance of terrestrial vegetation affects the exchange fluxes of water and carbon at the land surface. Here, a dynamic vegetation model coupled to a climate model of intermediate complexity is used to demonstrate that an optimum stomatal conductance exists at which the rate of photosynthesis, and therefore vegetation productivity, is at a maximum. This maximum originates from two competing drivers that affect the rate of photosynthesis: (i) increased supply of atmospheric carbon dioxide with increased stomatal conductance and (ii) increased cloud cover, which reduces the supply of sunlight. The simulated climate with optimized stomatal conductance is close to the model's control simulation, but vegetation productivity is substantially enhanced. The existence of this optimum has potentially important implications for the adaptation of terrestrial productivity to different climates. If vegetation maintains this optimum not only in the present-day, but also adapts to it during past (and future) climates, not considering this optimum and how it changes leads to a general underestimation of terrestrial productivity under different climates. 
Introduction
[2] Stomata control the exchange of water vapor and carbon dioxide between the leaf's interior and ambient air. By affecting the exchange of water and carbon at the land surface, stomata play an important role in the climate system. Sensitivity studies with climate models demonstrate this climate sensitivity for the present-day [e.g., HendersonSellers et al., 1995; Pollard and Thompson, 1995] and point out potentially important feedbacks to global climatic change [Sellers et al., 1996; Betts et al., 1997; Bounoua et al., 1999; Cox et al., 1995] .
[3] It has previously been suggested that stomata function optimally at the leaf scale, minimizing water loss for the total amount of carbon uptake [Cowan and Farquhar, 1977; Cowan, 1977] . The purpose of this paper is to take Cowan and Farquhar's optimization approach to the large, climatologically relevant scale. A large-scale optimum in the rate of photosynthesis, and therefore terrestrial productivity, with respect to stomatal conductance should exist for the following reasons [Kleidon, 2004; Kleidon and Fraedrich, 2004] : The photosynthetic rate is limited by many factors, including the amount of sunlight at the surface, which is the primary source of energy, the supply flux of atmospheric carbon dioxide pCO 2 through the stomata, and water availability. Increasing stomatal conductance reduces the limitation of pCO 2 supply, which should favor increased rates of photosynthesis. However, increased stomatal conductance also leads to enhanced transpiration, which affects the partitioning of energy-and water fluxes at the land surface. With increased latent heat flux, the overlying atmosphere is more humid and heated less, which should increase instability and should lead to more convective clouds. This, in turn, reduces the amount of solar radiation reaching the surface, increasingly limiting photosynthetic rate by reduced availability of sunlight. These two effects should therefore lead to a maximum in photosynthetic rate for a certain, optimum value of stomatal conductance at the large scale. This optimum is reinforced by the effect of higher rates of photosynthesis on the ability to maintain higher leaf area, thereby increasing absorption of solar radiation at the surface. To demonstrate the existence of this maximum, sensitivity simulations with a coupled dynamic global vegetation -climate model of intermediate complexity are used here and the effects on the simulated climate are investigated.
Methods

Planet Simulator GCM
[4] This study uses the Planet Simulator GCM [Lunkeit et al., 2004] , which is an intermediate complexity general circulation model of the atmosphere. In its standard setup, it has five vertical layers and is used in T21 spectral resolution, corresponding to a horizontal resolution of about 5.6°longitude/latitude. Among other components, the Planet Simulator includes a dynamic core to simulate atmospheric motion, a prognostic cloud and precipitation scheme, and a simple land surface parameterization. Due to its intermediate complexity, the model runs very fast even on standard desktop computers, making it feasible to run several long model simulations for parameter optimizations. Embedded in the Planet Simulator is a simple dynamic global vegetation model (SIMulator of Biospheric Aspects, SIMBA). The purpose of SIMBA is to provide large-scale land surface parameters to the GCM that are dynamically affected by the vegetation. These parameters include the albedo of the land surface a S , the aerodynamic roughness length of the surface z 0 , and the depth of the rooting zone z D , which determines the size of the soil water storage capacity. These parameters are derived from vegetation biomass C VEG , which is the main prognostic variable of SIMBA. C VEG is simulated by the balance of gross carbon uptake by photosynthesis F GPP and respiration F RES . The model code is publicly available at http://puma.dkrz.de/ planet. The model components are described in detail by Lunkeit et al. [2004] .
Incorporating Stomatal Conductance in Land Surface Exchange
[5] In its standard version, the Planet Simulator simulates evapotranspiration over land by a simple bulk-formula and does not include the effects of vegetation on surface conductance (except in the presence of water stress). In order to include the influence of stomatal conductance on land evapotranspiration and productivity, a simple stomata parameterization is included in the model. To do this, the existing formulation of photosynthetic rate F GPP is modified as follows: F GPP is written as the minimum of a lightlimited rate F GPP,LIGHT and a flux-limited rate F GPP,FLUX (following Monteith et al. [1989] and Dewar [1997] ). The light-limited rate is parameterized as a linear function of photosynthetic active radiation Q PAR , a light use efficiency LUE , a temperature function, which reduces productivity at temperatures below 10°C, and leaf area index LAI:
where k is the light extinction coefficient. The exchange flux of carbon through the leaf stomata is associated with water loss that leads to transpiration. The associated carbon flux is calculated from the rate of evapotranspiration Q EVAP as:
where pCO 2,AIR À pCO 2,LEAF is the gradient in carbon dioxide across the leaf-air interface (taken to be 70% of the atmospheric pCO 2 concentration of pCO 2 = 360 ppm), q SAT (T S ) À q AIR is the specific humidity gradient, and c is a constant which includes the lower diffusivity of CO 2 in relation to water vapor and other conversion factors. For simplicity, it is assumed that the total evaporative flux from the land surface is controlled by stomata (i.e., the effect of bare soil evaporation is neglected here).
[6] A unitless stomatal conductance g S is then introduced into the parameterization of evapotranspiration:
where Q EVAP,BULK is the standard bulk-formula parameterization for evapotranspiration used in the model, which includes a soil moisture stress factor over land and the effect of surface roughness on the turbulent exchange with the atmosphere. Different values of surface roughness, derived from vegetation biomass, are used to account for differences in vegetation stature of grasslands versus forest. Note that in this parameterization, g S is the maximum stomatal conductance, with the effect of soil moisture accounted for by the soil stress factor already accounted for in Q EVAP,BULK . With this modification, the standard behavior of the model with respect to evapotranspiration can be reproduced with g S = 1.
Simulation Setup
[7] In a first set of simulations, different values of stomatal conductance are uniformly prescribed across regions. Simulations are conducted with values of g S = 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and include the control with g S = 1. Each simulation is run with prescribed sea surface temperatures for 100 years in order for the dynamic vegetation model to reach a steady-state. These simulations are used to demonstrate the existence of a maximum in productivity resulting from the competing effects of increased supply of pCO 2 and decreased availability of solar radiation at the surface. Then, F GPP is maximized at each grid point with respect to stomatal conductance. The optimization procedure is conducted iteratively, using Golden Section Search [Press et al., 1992] . The optimization is constrained to values between g S = 0.01 and g S = 2.00. In total, 6 iterations are performed, and for each iteration, the model is run for 100 years.
Results and Discussion
[8] The sensitivity simulations confirm the existence of a maximum in productivity with respect to stomatal conductance (Figure 1a) . The maximum in productivity is associated with a minimum in surface albedo which results from the effect of productivity on leaf area, and therefore surface albedo. Hence, maximum productivity allows for roughly maximum leaf area in the model simulation, which leads to a minimum surface albedo. The maximum is the result of the competing effects of stomatal conductance on the supply of energy (absorbed solar radiation) and carbon dioxide. With increasing stomatal conductance, evapotranspiration increases and soil moisture is depleted more effectively (Figure 1b) . As a consequence, precipitation and cloud cover also increase with increasing g S , leading to shifts in the surface energy balance and reducing solar radiation at the surface (Figure 1c) .
[9] Figure 2a shows the increase of productivity as a result of the optimization in terms of zonal averages. Optimum stomatal conductance is not uniform across all regions, but shows a trend towards lower values of g S in humid areas while greater optimum values of g S are found in arid and polar regions (not shown). This general tendency corresponds with observed trends in maximum stomatal conductance, with higher values of 7.7 -8.2 mm/s for drought deciduous forest and temperate grasslands compared to tropical and temperate forests with average values ranging from 5.0 -6.0 mm/s [Schulze et al., 1994] . This variation in optimum stomatal conductance can be attributed to a less pronounced response in cloud cover with increased stomatal conductance in arid regions. This line of reasoning is also consistent with the results that productivity increases mainly in humid regions. However, more data points would be needed to validate the predicted variation in g S .
[10] The increase in productivity during the optimization compared to the control is primarily due to the reduction in light limitation. This can be seen in Figure 2b , which shows the difference between the light-limited rate F GPP,LIGHT and the flux-limited rate F GPP,FLUX . In the simulation of g S = 0.01, productivity is limited by the supply flux of pCO 2 , and the difference is positive (i.e., F GPP,LIGHT > F GPP,FLUX , dotted line in Figure 2b ). In contrast, in the control simulation with g S = 1.0, this difference is negative, indicating that productivity is light-limited. In the optimized simulation, this difference is smallest in magnitude (i.e., closest to the zero line), indicating that the two limiting fluxes are more balanced, or co-limited.
[11] The consequences of a climate with optimized stomatal conductance, in comparison to the control and the extreme simulation of g S = 0.01, are shown in Figures 2c -2e . The optimized climate shows increased absorption of surface radiation compared to the control, in the order of a few W m À2 in the tropics to tens of W m À2 in the extratropics. However, surface absorption in the simulation g S = 0.01 is greatest, due to a substantial reduction in cloud cover. The water cycle, as reflected by continental evapotranspiration and precipitation, is strongest in the optimized simulation (Figure 2d ), although evapotranspiration is only slightly enhanced compared to the control simulation. Surface temperature of the optimized simulation is almost identical to the control simulation. These differences show that the optimized climate is not drastically different from the original, control climate, but nevertheless substantially more beneficial to vegetation productivity.
Discussion and Conclusion
[12] Clearly, the details of the climatic impacts, including its regional variation and magnitude, are likely to be impacted by the simplicity of the model. While the simulated climate resembles the broad features of the present-day climate system, it nevertheless shows some strong discrepancies at a more regional scale. For instance, West Africa is too dry, and the Indian monsoon is displaced. In this sense, the results presented here need to be viewed as a proof-ofconcept. Also, the specific value of optimum stomatal conductance is affected by a range of parameters of the dynamic vegetation model. Additional sensitivity simulations with respect to the value of c show that the value of optimum stomatal conductance changes. Also, the relative sensitivity of cloud cover versus leaf area and surface albedo to changes in stomatal conductance may differ for different model formulations. Nevertheless, the conclusion that an optimum in stomatal conductance exists is unlikely to be affected.
[13] An important question that arises is why vegetation, at the large scale, would assume a state at which stomatal conductance is optimized. Recent simulations with an individual-based simulation model address this question (A. Kleidon, Optimum stomatal conductance, maximum photosynthesis, and regional vegetation-climate interac- In the simulations, the plant dynamics evolve to the maximum possible rate of productivity, given the imposed climatic conditions. The key mechanism that leads to the emergence of maximum productivity is that those regions in which plants with the optimum value are more abundant (for instance through random fluctuations) are more productive, therefore outcompeting plants with suboptimal productivity in the long term. Optimum stomatal functioning and maximum productivity is also consistent with the fundamental principle of Maximum Entropy Production (MEP) [e.g., Dewar, 2003 Dewar, , 2004 Kleidon, 2004; Kleidon and Fraedrich, 2004] . The MEP principle applies to scaling of many interacting processes to the macroscopic scale. Here, the large-scale exchange fluxes of energy, water, and carbon of a vegetated GCM grid cell are parameterized, which is the macroscopic description of a very large number of individual plants, which may differ in their values of stomatal conductance. MEP in this context states that the state of maximum productivity is the most likely macroscopic state of photosynthetic rate at the scale of a GCM grid cell size in the climatic mean.
[14] In conclusion, the results presented here demonstrate the existence of an optimum stomatal conductance of vegetated land surfaces at the large scale. The resulting climate is similar to the control, and the predicted spatial distribution of optimized stomatal conductance seems reasonable. While this does not validate this approach, it nevertheless demonstrates consistency with the presentday climate. This methodology allows to explicitly include adaptation into climate model simulations of climatic change. This is likely to have important implications. While current land surface models commonly include combined stomata-photosynthesis models [e.g., Collatz et al., 1991] to include the stomatal response to atmospheric variations, adaptation of stomata to environmental change, for instance with respect to stomatal density [e.g., Woodward, 1987; Beerling and Kelly, 1997] , is lacking. The existence of an optimum stomatal conductance at the large scale permits us to explicitly address the issue adaptation, with maximum productivity under altered climatic conditions being the outcome of optimum adaptation. Since the optimum stomatal conductance is characteristic of the prevailing climatic conditions, the optimum is likely to change under altered climate. If we assume that terrestrial vegetation adapts to this optimum under global change, then model simulations that do not reproduce this optimum will inevitably underestimate terrestrial productivity and transpiration fluxes, therefore likely to overpredict negative impacts of global change on terrestrial vegetation.
